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Abstract

Courtship and courtship conditioning
are behaviors that are regulated by multiple
sensory inputs, including chemosensation
and vision. Globally inhibiting CaMKII
activity in Drosophila disrupts courtship
plasticity while leaving visual and
chemosensory perception intact. Light has
been shown to modulate CaMKII-dependent
memory formation in this paradigm and the
circuitry for the nonvisual version of this
behavior has been investigated. In this
paradigm, volatile and tactile pheromones
provide the primary driving force for
courtship, and memory formation is
dependent upon intact mushroom bodies
and parts of the central complex. In the
present study, we use the GAL4/UAS binary
expression system to define areas of the
brain that require CaMKII for modulation of
courtship conditioning in the presence of
visual, as well as chemosensory,
information. Visual input suppressed the
ability of mushroom body- and central
complex-specific CaMKII inhibition to
disrupt memory formation, indicating that
the cellular circuitry underlying this
behavior can be remodeled by changing the
driving sensory modality. These findings
suggest that the potential for plasticity in
courtship behavior is distributed among
multiple biochemically and anatomically
distinct cellular circuits.

Introduction

Courtship in Drosophila is a complex and ro-
bust behavior. Multiple sensory modalities (olfac-
tion, vision, tactile sensation) combine to trigger a
stereotyped output. Loss of any one of these sen-
sory inputs by environmental, genetic, or surgical
manipulation is insufficient to abolish courtship
(for review, see Tompkins 1984). Loss of visual
input results in a decrease in courtship level, but in
Drosophila melanogaster, does not eliminate the
behavior (Joiner and Griffith 1997). Loss of two
inputs, vision and olfaction, also does not abolish
courtship (Tompkins et al. 1980; Gailey et al.
1986), although loss of all three sensory modalities
will virtually eliminate the behavior (Gailey et al.
1986). These studies suggest that there is redun-
dancy in the stimuli that can elicit this behavior.

There is also overlap between the sensory in-
puts that stimulate courtship and modulate the be-
havior. Courtship is a plastic behavior. Males are
able to modify their level of courtship based on
prior experience (Siegel and Hall 1979). Exposure
of a male to a previously mated female results in a
suppression of subsequent courtship for 2–3 hr.
This modulation is dependent on sensing and asso-
ciating both stimulatory cues, which act as condi-
tioned stimuli (CS) and aversive pheromonal cues,
which act as unconditioned stimuli (US) that a
mated female provides (Ackerman and Siegel 1986;
Ferveur 1997).

Vision plays a role in this plasticity. Courtship
conditioning will occur in the absence of visual
input (Siegel and Hall 1979; Joiner and Griffith
1997), but vision is an important modulator of the
formation of the associative memory of condition-
ing (Joiner and Griffith 1997). Flies with reduced
central nervous system calcium/calmodulin-depen-
dent protein kinase II (CaMKII) activity are defec-
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tive in both the ability to suppress courtship of a
mated female during training and the ability to
form a memory of this training (Griffith et al. 1993;
Joiner and Griffith 1997). The defects in memory
formation are seen only in the absence of normal
visual input; visual signals during the conditioning
period (but not during retrieval) can “rescue” the
memory phenotype of flies expressing a CaMKII
inhibitor peptide (Joiner and Griffith 1997). The
importance of the visual input in this context is
likely due to its courtship stimulatory properties
rather than any role in the aversive nature of the
mated female because the visually perceivable be-
havior of the female does not affect her aversive-
ness (Kamyshev et al. 1999). The cellular mecha-
nism of this effect (whether it is due to multiple
interacting sites of action of the inhibitor peptide
or to an alternative signal transduction pathway)
was not addressed.

These findings led to the formation of a simple
model in which chemosensory and visual informa-
tion interact at a CaMKII-dependent switch to regu-
late courtship behavior. Visual input acts in syn-
ergy with stimulatory pheromones as a positive,
courtship promoting signal. Courtship suppression
is produced by a negative signal, an aversive phero-
mone produced by the mated female. Suppression
occurs when the strength of the negative pathway
is greater than that of the positive pathway.
Memory is encoded in a decrease in the efficacy of
the positive cues to switch on courtship. Visual
information is able to ameliorate the effects of
CaMKII inhibition by greatly increasing the posi-
tive courtship signal and overcoming the change in
strength of this connection.

Since this work on the interaction of visual
input and CaMKII, anatomical regions that require
CaMKII for courtship conditioning in the absence
of visual input have been identified using GAL4
enhancer trap-driven expression of CaMKII inhibi-
tor peptide (Joiner and Griffith 1999). This study
strongly supported the idea that the response to
the mated female during conditioning and the for-
mation of associative memory were independent
behavioral outputs of conditioning, because they
were sensitive to inhibition of CaMKII activity in
different areas of the brain. The conditioning re-
sponse was found to be dependent on a subset of
cells in the chemosensory antennal lobes and a
subset of cells in the lateral protocerebrum. Asso-
ciative memory formation was most sensitive to
CaMKII inhibition in the mushroom bodies (prima-
rily the g lobes), the central complex (parts of the

ellipsoid body and the fan-shaped body), and cells
in the lateral protocerebrum. We defined an infor-
mation flow circuit for courtship conditioning pro-
duced by chemosensory cues alone.

In this study we use GAL4 enhancer trap lines
to address the question of how visual information
affects the ability of CaMKII inhibitor peptide to
disrupt the function of defined elements of the
courtship conditioning circuit. Global inhibition of
CaMKII in animals with normal vision has been
shown to have no effect on memory formation
(Joiner and Griffith 1997). In the present study,
visual input abrogated the effects of CaMKII inhi-
bition in the mushroom body and central complex
on memory formation, rendering memory insensi-
tive to CaMKII inhibition. Conversely, the behavior
of the male toward the mated female during con-
ditioning was, in general, more sensitive to inhibi-
tion of CaMKII when the male had visual input.
Expression of inhibitor in the fan-shaped body, op-
tic lobe, and a subset of the lateral protocerebrum
effectively eliminated the normal response to the
mated female only when the male received visual
input. Mushroom body and chemosensory anten-
nal glomerulus phenotypes during the condition-
ing period were unaffected by visual input. These
results suggest that the functional circuitry under-
lying courtship conditioning can be dynamically
rewired by sensory input.

Materials and Methods

DROSOPHILA STRAINS

Fly cultures were kept at 25°C with a 12 hr
light/dark cycle on autoclaved cornmeal, yeast, su-
crose, and agar food. The genetic background used
for the behavior experiments was either from Can-
ton-S or the line w1118(isoCJ1) a white, Canton-S
isogenic stock (Yin et al. 1994). In this text, w
refers to this allele. Unless otherwise stated, geno-
types are described in Lindsley and Zimm (1992).
The GAL4/UAS system is described by Brand and
Perrimon (1993). The UAS lines used in this study
have the upstream activator sequences linked ei-
ther to the ala-inhibitor peptide (UAS–ala; Joiner
and Griffith 1997) or to a cDNA for the R3 isoform
of Drosophila CaM kinase II (UAS–CaMKII; Koh et
al. 1999). ala inhibitor is a synthetic peptide based
on the sequence of the rat aCaMKII autoregulatory
domain (Griffith et al. 1993). F1 males that were
tested in the learning assay resulted from crossing
virgin females, homozygous for the GAL4 insert, to
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males homozygous for the UAS–ala insert, both the
UAS–ala and UAS–CaMKII inserts, or, for controls,
w1118(isoCJ1).

BEHAVIOR ASSAYS

COURTSHIP CONDITIONING ASSAY

Singly housed, 5-day-old test males were
placed with 4-day-old females, mated the previous
day, in single-pair-mating chambers (8 mm
diam. × 3 mm high) for 1 hr. The first and last
10-min periods of this conditioning period were
videotaped. Two to 5 min after conditioning, the
males were paired in a clean mating chamber with
anesthetized virgin females that had been collected
that day. The pairs were videotaped for the 10-min
test period. As a control, sham tests are done in
which the males are kept alone in the mating
chamber for the first hour, then paired with anes-
thetized virgin females for the 10-min test period.
For each of the 10-min periods, a courtship index
(CI) was measured for each male tested. The frac-
tion of time a male spent courting in a 10-min in-
terval constitutes the CI. The response to the
mated female is calculated by dividing the final
CI (CIfinal) by the CI of the initial 10-min period
(CIinitial). CIinitial did not vary significantly from that
of wild type (Dunnett’s test, a = 0.05; a = 0.03 for
MJ63/+). Because males used for the test period
are not the same as those in the sham test, memory
is measured by dividing the test CI (CItest) with the
average (mean) sham test CI (mCIsham). CIsham for
all lines was indistinguishable statistically from
wild type (Dunnett’s test, a = 0.05). Females used
in this assay were collected from a shits/Y/
C(1)DX, y w f stock. When kept at 29°C, only
C(1)DX, y w f females emerge from this stock.
Experiments were performed at 25°C and 75% hu-
midity. Unless otherwise indicated, all behavior ex-
periments were done under normal room light. In
experiments done in red light, two lamps with
25-W red photographic light bulbs were placed 20
cm from the mating wheel. N $ 20 for all geno-
types. UAS–ala/+ flies were shown previously to
behave normally in the courtship conditioning as-
say (Joiner and Griffith 1997).

LOCOMOTOR ACTIVITY ASSAY

Spontaneous locomotor activity was measured
by counting the number of times a fly crosses a line

drawn across an 8-mm-diameter circular chamber
in a 4-min period.

STATISTICS

Data for the courtship conditioning assay were
analyzed with Wilcoxon’s signed-rank test using
Statview software version 4.5 for the Macintosh.
Data are presented in the figures as means with
levels of significance indicated by P values: (*) <
0.05; (**) < 0.005; (***) < 0.0005. In cases where
comparisons for groups were done, the Kruskal–
Wallis rank sums test was used. For multiple pair-
wise comparisons, levels of significance were cal-
culated using an experiment-wise correction fac-
tor, a = 1 − (0.95)1/k, where k is the number of
pairwise comparisons and a is the new signifi-
cance level (Sokal and Rohlf 1995; Kane et al.
1997).

Results

In a previous study we used GAL4-directed ex-
pression of a CaMKII inhibitor peptide to map the
areas of the brain that require this signal transduc-
tion pathway for conditioning in the absence of
visual input (Joiner and Griffith 1999). The GAL4
system allows for tissue-specific expression of
transgenes (Brand and Dormand 1995). Each en-
hancer trap line expresses GAL4 in a particular pat-
tern depending on the local environment of the
GAL4 gene. We have characterized lines that ex-
press GAL4 in adult brain areas that are important
for courtship conditioning, namely mushroom
bodies, central complex, antennal glomerulus, and
lateral protocerebrum (Joiner and Griffith 1999). A
representative subset of these lines was used to
drive expression of ala peptide, a specific inhibitor
of CaMKII (Griffith et al. 1993), in order to inves-
tigate the effects of vision on the major compo-
nents of the circuit.

Males were trained for 1 hr with a mated fe-
male in an 8-mm-diameter mating chamber. Train-
ing was carried out under normal room lights to
allow males to receive visual input as well as che-
mosensory cues. The behavior of the male toward
the mated female during training was assessed by
measuring the amount of courtship performed dur-
ing the first and last 10 min of the training period.
The level of courtship is expressed as CI. A CI of 1
indicates that the male courted for the entire 10-
min observation period. For a normal male, the
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ratio of the final and initial 10-min observations
(CIfinal/CIinitial) during training is usually ∼0.5
(Joiner and Griffith 1997, 1999). CIinitial values for
all lines were indistinguishable statistically from
that of wild type (data not shown). After training,
the male was transferred within 2–5 min to a clean
chamber and presented with a virgin female. Vir-
gins produce stimulatory pheromones (CS), but
not aversive pheromones (US). Associative mem-
ory formation was assessed by measuring CItest dur-
ing the first 10 min of exposure to the virgin fe-
male. For normal males, CItest will be significantly
lower than CIsham. The ratio of CItest to the mCIsham

for that genotype is typically 0.5 for wild-type
males (Joiner and Griffith 1999). For all genotypes,
the CIsham was indistinguishable statistically from
that of wild type (data not shown). For both the
training and memory phases of the assay, GAL4/+;
UAS–ala/+ males are compared to GAL4/+ control
males, which express no inhibitor but contain the
same GAL4 transgene. UAS–ala/+ control animals
behave indistinguishably from wild-type animals
(Joiner and Griffith 1997).

Data for the courtship response during train-
ing with visual input are shown in Figure 1. Normal
male flies will show a decrement in courtship dur-
ing training with a CIfinal/CIinitial ratio of ∼0.5. Of
the three lines (29BD, 30Y, 201Y) with predomi-
nant mushroom body expression that were tested,
only expression of inhibitor under control of 201Y
produced an abnormally high ratio during the train-
ing period. This line was also abnormal when
tested in the absence of visual input (Table 1). Ex-
pression of inhibitor in the fan-shaped body of the
central complex (OK348) also produced a behav-
ioral phenotype, but in this case, the phenotype

was seen only with visual input (Table 1). Expres-
sion of inhibitor in the chemosensory antennal
lobes (MJ94) produced a behavioral phenotype
both in the presence and the absence of visual
input. 40B, which has weak expression in a num-
ber of areas including the optic lobes, is abnormal
only in the presence of visual input. Lines with
predominant expression in the lateral protocere-
brum show a complex response to visual stimula-
tion, suggesting that the lateral protocerebrum is
not a homogeneous structure. Lateral protocere-
brum expression can produce both vision-depen-
dent (MJ162a, MJ146, MJ63) and vision-indepen-
dent phenotypes (201Y).

Data for the memory assay in white light are
shown in Figure 2. In no case was expression of
the inhibitory peptide sufficient to disrupt memory
formation. This is in contrast to the results for the
same lines in the absence of visual input (Table 2).
In the absence of vision, expression of the peptide
in mushroom bodies, central complex, and a sub-
set of the lateral protocerebrum blocked formation
of memory (Joiner and Griffith 1999).

The changes in courtship activity were not the
result of changes in locomotor activity. The prog-
eny of GAL4 lines crossed to UAS–ala flies were
tested for locomotion in the courtship assay cham-
bers. None of the lines showed a significant differ-
ence in locomotion in the line-crossing test when
compared pairwise (P > 0.05, Tukey–Kramer Test;
Table 3). Previous tests of these genotypes in dim
red light also failed to show any affect of CaMKII
inhibition on locomotion, even after flies spent an
hour in the conditioning chamber (Joiner and Grif-
fith 1997), ruling out fatigue as a cause of the court-
ship phenotypes.

Figure 1: Inhibition of CaMKII in specific
brain regions alters the response to the
mated female during conditioning. Males
heterozygous for the GAL4 lines indicated
were trained by exposure to a female for 1
hr. A CI is measured for the first and last
10 min of the training period. Courtship
decrement during training is shown by the
ratio of CIfinal/CIinitial, which for a wild-
type male is ∼0.5 (Joiner and Griffith
1997). All manipulations were performed
at 25°C, 75% humidity in normal room
light. Statistical significance was assessed

by Wilcoxon’s signed-rank test. Data from GAL4/+;UAS–ala/+ males (gray bars) were compared to data from control
males of the genotype GAL4/+ (white bars) for each line. Bars marked with an asterisk (*) are significantly different from
the genotype control with level of significance as indicated: (*) P < 0.05; (**) P < 0.005; and (***) P < 0.0005. n $ 20 for
each genotype.
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The specificity of the effects of this inhibitor
peptide and its interaction with visual input in this
behavior were tested by asking if addition of exog-
enous CaMKII activity could rescue the light-de-
pendent and light-independent behavioral pheno-
types. For this experiment, a globally expressing
GAL4 line, MJ85b (Joiner and Griffith 1997), was
used. Expression of ala peptide under control of
this line has been shown to significantly disrupt
the response to the mated female during training
(both with and without visual input), but to disrupt
memory formation only in the absence of visual

input (Fig. 3; Joiner and Griffith 1997). In all of
these cases, addition of exogenous CaMKII by a
UAS transgene was able to improve behavior sig-
nificantly. In the case of memory formation in red
light, rescue is complete; the CItest/mCIsham ratio
of MJ85b;UAS–ala/+;UAS–CaMKII/+ is reduced to
the same level as the control, MJ85b (P < 0.0005
comparing MJ85b;UAS–ala/+ to MJ85b;UAS–ala/
+;UAS–CaMKII/+ using Wilcoxon’s signed rank
test). In the case of the response to the mated
female during training, rescue is only partial;
CIfinal/CIinitial ratios are reduced significantly in

Figure 2: Inhibition of CaMKII in specific
brain areas does not alter associative memory
formation. Males heterozygous for the GAL4
lines indicated were trained by exposure to a
female for 1 hr and placed with an anesthe-
tized virgin female. For sham training, flies of
the same genotype were manipulated identi-
cally, except that no female was present in the
chamber during training. Memory was tested
by measuring the CI for the initial 10 min of
exposure to the anesthetized virgin female after
training with a mated female (CItest) or after
sham training (CIsham). Data are expressed as the ratio of CItest/mean CIsham, which, for a wild type male, is ∼0.5 (Joiner
and Griffith 1997). All manipulations were performed at 25°C, 75% humidity in normal room light. Statistical significance
was assessed by Wilcoxon’s signed-rank test. Data from GAL4/+;UAS–ala/+ males (gray bars) were compared to data from
control males of the genotype GAL4/+ (white bars) for each line. Bars marked with an asterisk (*) are significantly different
from the genotype control with level of significance as indicated: (*) P < 0.05, (**) P < 0.005, and (***) P < 0.0005. n $ 20
for each genotype.

Table 1: Effects of light on the response to mated females

Line

Light

Expression patternbehavior in white behavior in red

29BD normal normal MB (core of a and b, all of g) LP, OL, PI, and AL (weak)
30Y normal normal MB (strong in a, b and g), LP and PI (weak)
201Y abnormal abnormal MB (core of a and b, all of g), LP (two pairs of cells), PI
OK348 abnormal normal FSB
40B abnormal normal MB (weak b), OL, AL (ventral)
MJ162a normal abnormal LP (diffuse), MB (weak), AL (ventral), palps, PI
MJ146 normal abnormal PI, LP (lateral and ventral), MB (weak, core of a and b)
MJ63 abnormal normal LP (medial), neural tracts traversing the central brain, PI
MJ94 abnormal abnormal AL (chemosensory) palps and MB (very weak b)

Behavioral phenotypes during training are compared for GAL4-driven expression of ala peptide in the presence (behavior
observed under white lights; Fig. 1) or absence (behavior observed under red lights; Joiner and Griffith 1999) of visual
input. “Normal” indicates P > 0.05 for the comparison between the CIfinal/CIinitial ratios of GAL4/+, UAS–ala/+, and
GAL4/+ genotypes. “Abnormal” indicates P < 0.05 for this comparison. The expression patterns for each GAL4 line are
summarized in the last column. The primary area of expression is indicated in boldface type, with less prominent
expression areas indicated in normal type. (MB) Mushroom bodies; (FSB) fan-shaped body; (LP) lateral protocerebrum; (PI)
pars intercerebralis; (AL) antennal lobes; (OL) optic lobes. Anatomical data are summarized from Joiner and Griffith (1999).

Joiner and Griffith

&L E A R N I N G M E M O R Y

36



comparison to MJ85b;UAS–ala/+, but they are not
as low as control (P < 0.05 using Wilcoxon’s
signed rank test for both light conditions). Memory
formation in white light was unaffected by any ma-
nipulation (P > 0.5, group comparison done using
Kruskal–Wallis rank sums test). The effects of ex-
pression of CaMKII were specific; expression of
green fluorescent protein (GFP) via a UAS–GFP
construct did not rescue the UAS–ala phenotype or

modulate courtship levels (data not shown). These
results indicate that the actions of the ala peptide
are mediated primarily by CaMKII.

Discussion

COURTSHIP CONDITIONING IS
A MULTIMODAL BEHAVIOR

Courtship can be stimulated and modulated by
multiple types of sensory input. It has been known
for many years that vision is able to modulate basal
courtship levels and courtship success (Geer and
Green 1962; Grossfield 1966; Connolly et al. 1969;
DeJianne et al. 1981; Tompkins et al. 1982;
Markow 1987; Chatterjee and Singh 1988; Stocker
and Gendre 1989; Joiner and Griffith 1997). Vision
appears to act as a positive stimulus to courtship.
Courtship in the absence of visual input is normal
in its details (steps and sequence) but is reduced in
intensity, as reflected in lower CI values. Courtship
conditioning, suppression of subsequent courtship
after exposure to a mated female, is observed both
with and without visual input (Siegel and Hall
1979; Joiner and Griffith 1997). This plasticity is
thought to be based on an association of positive
and negative cues that the male receives from
mated females. The negative cue is believed to be
an aversive pheromone that is synthesized only by
mated females in response to courtship (Tompkins
and Hall 1981; Tompkins et al. 1983; Gailey and
Siegel 1989). The positive courtship cues include

Table 2: Effects of light on memory

Line

Light

Expression patternbehavior in white behavior in red

29BD normal abnormal MB (core of a and b, all of g), LP, OL, PI, and AL (weak)
30Y normal abnormal MB (strong in a, b and g), LP and PI (weak)
201Y normal abnormal MB (core of a and b, all of g), LP (two pairs of cells), PI
OK348 normal abnormal FSB
40B normal normal MB (weak b), OL, AL (ventral)
MJ162a normal normal LP (diffuse) MB (weak), AL (ventral), palps, PI
MJ146 normal normal PI, LP (lateral and ventral), MB (weak, core of a and b)
MJ63 normal abnormal LP (medial), neural tracts traversing the central brain, PI
MJ94 normal normal AL (chemosensory), palps and MB (very weak b)

Memory phenotypes after training are compared for GAL4-driven expression of ala peptide in the presence (behavior
observed under white lights; Fig. 2) or absence (behavior observed under red lights; Joiner and Griffith 1999) of visual
input. “Normal” indicates P > 0.05 for the comparison between the CItest/mCIsham ratios of GAL4/+; UAS–ala/+ and
GAL4/+ genotypes. “Abnormal” indicates P < 0.05 for this comparison. See Table 1 for abbreviations and explanations.
Anatomical data are summarized from Joiner and Griffith (1999).

Table 3: Locomotor activity

Genotype Line crossing

29BD/+; UAS–ala/+ 138 ± 5
30Y/+; UAS–ala/+ 116 ± 5
201Y; UAS–ala/+ 113 ± 5
OK348/+; UAS–ala/+ 121 ± 9
40B/+; UAS–ala/+ 115 ± 10
MJ162a; UAS–ala/+ 112 ± 7
MJ146; UAS–ala/+ 128 ± 5
MJ63; UAS–ala/+ 117 ± 9
MJ94; UAS–ala/+ 112 ± 4

Locomotor activity was measured by counting sponta-
neous line crossings in the courtship conditioning cham-
ber for 4 min. Assay was performed in normal room
light; n = 10 for all genotypes. Data are presented as
mean ± S.E.M. No significant differences were seen
(P > 0.05) using a Tukey-Kramer comparison of all pairs.
Data for MJ85b; UAS–ala/+ and Canton S control have
been reported previously and were not significantly dif-
ferent (Joiner and Griffith 1997).
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both volatile and tactile pheromones and visual in-
put (Gailey et al. 1986). Visual input is not neces-
sary for plasticity, but acts to enhance the drive to
court. Thus, depending on how the assay is con-
ducted (in normal room light or in dim red light
which is above the wavelength of perception for
flies) courtship conditioning can be a purely che-
mosensation-driven behavior or it can be a multi-
modal (visual and chemosensory) behavior.

CaMKII has been shown to be required for the
modification of courtship during training in the
multimodal courtship conditioning paradigm. In
the absence of visual input, when the behavior is

driven solely by chemosensory cues, CaMKII is re-
quired for both the decrement of courtship during
conditioning and the formation of associative
memory of conditioning (Griffith et al. 1993, 1994;
Joiner and Griffith 1997, 1999). The two outputs of
this conditioning, the response during training and
the subsequent memory, are independent prod-
ucts of the conditioning based on the fact that they
are dependent on different brain structures (Joiner
and Griffith 1999) and can be dissociated by bio-
chemical manipulations (Joiner and Griffith 1997;
Kane et al. 1997).

THE CIRCUITRY USED FOR ASSOCIATIVE MEMORY
FORMATION IS SENSORY MODALITY-DEPENDENT

The circuitry underlying the CaMKII-depen-
dent formation of associative memory has been in-
vestigated using cell-specific expression of a CaMKII
inhibitor (Joiner and Griffith 1999). Memory for-
mation in the absence of visual input was found to
be dependent on CaMKII activity in the mushroom
bodies and parts of the central complex (fan-
shaped body and a subset of the ellipsoid body). In
this study we present evidence that the circuitry
utilized for memory formation in the presence of
visual input is different. Using the same GAL4 lines
that were used in the previous mapping study, we
find that memory formation is insensitive to
CaMKII inhibition when there is visual input driv-
ing courtship. We postulate that different sets of
cells can be used in memory formation depending
on the sensory inputs that are driving the behavior.

This result could be interpreted in two ways.
The first interpretation is that the mushroom bod-
ies and central complex are not used for memory
formation when visual information is present; the
circuit has been reconfigured and different neural
pathways are used. A second possibility is that
these central brain neurons are still used, but the
biochemical pathways mediating plasticity are al-
tered, that is, CaMKII itself is no longer required.
This second possibility seems less likely because if
chemosensory input stimulates CaMKII, this input
is still present in the light and would presumably
still activate this pathway. The first possibility is
also supported by the results of other researchers
who have examined the role of mushroom bodies
in plastic behaviors. In an examination of a wide
variety of behavioral paradigms, Heisenberg’s
group found that behaviors that were primarily
driven by visual, tactile, or motor inputs were in-
sensitive to ablation of mushroom bodies by hy-

Figure 3: Overexpression of CaMKII rescues both the
response to the mated female and associative memory
formation. CaMKII inhibitor was driven using MJ85b, a
GAL4 line that expresses throughout the brain. The re-
sponse to the mated female during conditioning and
memory formation were measured as described in Ma-
terials and Methods and in Figures 1 and 2. All manipu-
lations were performed at 25°C, 75% humidity in either
dim red light (top two panels) or normal room light (bot-
tom two panels). Statistical significance was assessed by
Wilcoxon’s signed-rank test. Data from MJ85b;UAS–
ala/+ males (gray bars) were compared with data from
MJ85b;UAS–ala/+; UAS–CaMKII males (black bars) and
data from MJ85b controls (white bars). Bars marked with
an asterisk (*) are significantly different from the geno-
type control with level of significance as indicated: (*)
P < 0.05; (**) P < 0.005; and (***) P < 0.0005. n $ 20
for each genotype.
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droxyurea, while olfactory-based learning was dis-
rupted (Wolf et al. 1998). Memory formation of
courtship conditioning has also been shown to be
unimpaired in hydroxyurea treated animals (K. Si-
wicki, pers. comm.). It is important to note that a
role for mushroom bodies in long-term memory or
some post-learning consolidation is not ruled out
based on these studies because they all involved
short term memory or involved immediate recall in
the case of courtship conditioning. In any case,
these studies present a picture of the mushroom
bodies as an important integration site only for ol-
factory behaviors. It is clear that the mushroom
bodies receive information from visual pathways
(Barth and Heisenberg 1997) but this information
is apparently not used for modulation of courtship
behavior.

An additional fallout of these experiments and
experiments in which CaMKII is inhibited globally
(Joiner and Griffith 1997) is that memory formed
using visual information is biochemically distinct
from that formed when only chemosensory input
is used. The failure of global inhibition of CaMKII
to block memory formation in the multimodal as-
say argues that, in this paradigm, plasticity is de-
pendent on an alternative signal transduction path-
way. Experiments done with transgenic flies ex-
pressing an inhibitor of protein kinase C (Kane et
al. 1997), in which memory formation was unaf-
fected, make it unlikely that this kinase is involved.
The failure of learning mutants involved in cAMP-
dependent signal transduction to learn in this assay
(Gailey et al. 1984; Ackerman and Siegel 1986)
makes this pathway an attractive candidate for the
mediator of memory formation in the multimodal
assay. Where this alternative signal transduction
pathway is functioning (e.g. in the mushroom bod-
ies or elsewhere) is unknown. It is possible that
the parallel “circuit” we have uncovered is a bio-
chemical pathway within the mushroom body or
central complex as opposed to being in a separate
set of cells. The ablation experiments of Heisen-
berg and Siwicki would argue for a cellular path-
way with regard to the mushroom body, but until
the other signal transduction system is identified
and mapped, the issue is open to debate.

THE CIRCUITRY USED FOR MODULATION
OF COURTSHIP DURING TRAINING IS SENSORY
MODALITY DEPENDENT

The situation for the other behavioral output
of courtship conditioning, the decrement of court-

ship during the training period, is more complex.
In the previous study, in the absence of visual in-
put, this behavior was found to be most sensitive
to inhibition of CaMKII in antennal lobes and parts
of the lateral protocerebrum. These areas are rela-
tively early in the circuit. The antennal lobes get
direct chemosensory input and have separate pro-
jections to areas of the lateral protocerebrum and
to the mushroom bodies (Stocker et al. 1990,
1997). Cells in the lateral protocerebrum project to
both mushroom bodies and central complex, areas
critical for memory formation in this assay.

In general, there is a greater sensitivity to
CaMKII inhibition in the presence of visual input,
with a number of lines that showed no behavioral
phenotype in red light becoming abnormal when
the male was able to see. These include lines that
express in the fan-shaped body of the central com-
plex (OK348), the lateral protocerebrum (MJ63),
and a line with low expression in a wide variety of
areas (40B). There are also two lateral protocere-
bral lines that show a suppression of phenotype
with visual input (MJ146 and MJ162a). This com-
plicated pattern points to an involvement of the
lateral protocerebrum in the stimulation of court-
ship by visual input. This is not surprising given the
visual projections from the lobula plate to the lat-
eral protocerebrum in insects (Strausfeld 1976).
The lobula plate also projects to the central com-
plex, perhaps explaining the vision-dependent
phenotype of OK348. In the male fleshfly Sar-
cophaga bullata, this projection includes neurons
that are gender-specific and aid in tracking females
(Gilbert and Strausfeld 1991; Douglass and Straus-
feld 1998). This gender-specific projection has not
been documented in Drosophila. Visual informa-
tion may also interact with chemosensory informa-
tion in the lateral protocerebrum (Li and Strausfeld
1999).

CIRCUIT RECONFIGURATION ALLOWS
BEHAVIORAL FLEXIBILITY

What benefit do modality-dependent circuits
confer to the animal? Reproductive behavior is
critical to species survival. The ability of a wide
range of sensory inputs to stimulate this behavior
underscores its importance. One way to design
such a system would be to have a single set of
neurons integrating primary inputs and gating mo-
tor output (Fig. 4A). This would achieve the goal of
allowing multiple stimuli to trigger and modulate
behavior. An alternative way of organizing the sys-
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tem is to design parallel circuits that respond to
single or specific combinations of sensory inputs
(Fig. 4B). This would maximize the redundancy of
the system, an advantage for a critical behavior.

This second type of model is suggested by our
data for the circuitry underlying the two behavioral
outputs of courtship conditioning. Figure 4, C and
D, shows how the activation of different sensory
pathways reconfigures the circuit. In Figure 4C, all
pathways are active and learning can occur at both

1 integration centers 1 and 2 (IC1, IC2). Inactiva-
tion of one integration center does not disrupt
learning. In Figure 4D, when visual input is re-
moved, only one integration center is used. In this
case, inactivation of IC 2 will disrupt modulation.
In the case of associative memory formation in
courtship conditioning, the mushroom bodies and
central complex would be analogous to IC 2.

The circuits may or may not interact or use
common elements. Our data for the response to
the mated female during conditioning suggest that
there are common elements shared by visual and
nonvisual integration centers such as antennal
lobes and parts of the lateral protocerebrum. This
would be analogous to the overlap between IC 1
and IC 2. In contrast, memory formation centers
appear to be nonoverlapping as even global inhi-
bition of CaMKII fails to prevent memory forma-
tion in the presence of visual input. IC 2 would
represent CaMKII-dependent elements, whereas IC
1 relies on a different signal transduction pathway
and does not share elements with IC 2.

The major advantage to the organism in such
circuitry rests on the fact that not only are there
multiple types of stimuli that can elicit a behavior,
but there are also several sites for its modification.
The existence of multiple integration centers en-
sures that even if one circuit is damaged, the ani-
mal can still learn. This type of distributed system
allows adaptation after injury (Rauschecker 1995).
Interplay between sites of plasticity could also be
important in organization of hierarchical relation-
ships between stimuli.
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